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A B S T R A C T
In this work, liquid phosphoric acid was injected into polymer electrolyte membrane fuel cell (PEMFC)
gas diffusion layers (GDLs) to visualize the invasion patterns developed at breakthrough. Three-
dimensional (3D) images of the GDLs were obtained through X-ray computed tomography, and
equivalent pore networks were generated as the basis for pore network simulations using OpenPNM.
Strong qualitative agreement was obtained between the simulated and experimentally observed liquid
phosphoric acid invasion patterns, which provided validation for the numerical modeling. Different GDL
materials were evaluated by examining the effects of a micro porous layer (MPL) and pore size
distribution on the saturation and distribution of phosphoric acid. The MPL was shown to restrict liquid
phosphoric acid from entering the carbon fiber substrate. The overall phosphoric acid saturation at
breakthrough was found to decrease significantly for samples containing an MPL due to the smaller pore
sizes. Further, the influence of cracks in an MPL on overall saturation at breakthrough was investigated. It
was observed that a crack-free MPL provided a more effective physical barrier to restrict the undesired
leaching of liquid phosphoric acid through the GDL.
© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Contents lists available at ScienceDirect
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Polymer electrolyte membrane fuel cells (PEMFCs) are a
promising technology for clean energy generation, producing only
heat and water as local operational by-products. Typical polymer
electrolyte membrane fuel cells operate below 100 C to facilitate
hydration of the Nafion1 membranes commonly employed in
these fuel cells [1,2]. Operational challenges faced by typical
PEMFCs include delicate water management [3,4] and extremely
low tolerances towards impurities [5]. Additionally, operating
PEMFCs below 100 C introduces significant mass transport related
performance limitations due to the accumulation of liquid water at
high current densities.
By increasing the working temperature of a PEMFC above
100 C, fuel cell tolerance to reactant impurities is improved and
water management challenges can be overcome [6,7]. Primarily,
mass transport losses associated with liquid water accumulation in
the fuel cell are eliminated above the boiling point of water.* Corresponding author at: Karlsruhe Institute of Technology (KIT), Helmholtz
Institute Ulm (HIU), Helmholtzstr. 11, 89081 Ulm, Germany.
E-mail address: roswitha.zeis@kit.edu (R. Zeis).
https://doi.org/10.1016/j.electacta.2017.10.054
0013-4686/© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article u
).Additionally, the electrochemical reaction kinetics and the use of
steam reformates are facilitated by temperatures between 140 C
and 180 C [2,8,9].
However, at temperatures above the boiling point of water,
hydration of the Nafion is compromised, and fuel cell performance
decreases due to insufficient proton conductivity in the membrane
[10]. As an alternative to Nafion, the most commonly used
membrane for high temperature PEMFC operation is a polybenzi-
midazole (PBI) film doped with concentrated phosphoric acid [10–
12]. Protonic conductivity of the PBI membrane is strongly related
to the phosphoric acid content of the membrane [13,14]. The
parameters of the PBI-membrane doping process with phosphoric
acid, such as immersion time and solution temperature, influence
the distribution of phosphoric acid in the membrane by
determining the initial concentration of acid within the membrane
[15,16]. After construction of the membrane electrode assembly,
the initial state of the doped membrane determines how much
phosphoric acid migrates from the membrane into the electrodes
during the activation phase [17–19]. During the activation phase,
phosphoric acid forms the triple-phase boundary at which the
electrochemical reaction takes place by invading the catalyst layer
[20–23].nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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accumulate in the exhaust water, complicating water recycling
(exhaust water may require neutralization) and corroding the
piping and bipolar plates [24,25]. Understanding the process of
phosphoric acid migration during the activation phase as well as
minimizing the acid loss during operation would allow for
improved high temperature-PEMFC (HT-PEMFC) designs which
optimize catalyst utilization to the benefit of overall performance
and durability [11,21]. An improved understanding of phosphoric
acid migration in HT-PEMFCs may also lead to lower platinum
loadings in the catalyst layer, resulting in significant cost
reductions [11]. Phosphoric acid leaching from the GDL into the
channel and the exhaust water has been investigated by several
groups and the results suggest that acid leaching is not a major
contributor to long-term voltage degradation [22,23,26].
Previously, the activation phase has been investigated to
optimize and understand the initial acid distribution and the
development of the triple-phase boundary. Wannek et al. and
Eberhardt et al. both found the initial redistribution of phosphoric
acid from the PBI-doped membrane to be a quick process (less than
10 minutes), however, several hours were required before a
dynamic equilibrium was established. Additionally, the initial
amount of phosphoric acid introduced in to the cell (via PBI
doping) was found to be a critical factor for maximization of the
electrochemically active surface area (ECSA) and optimization of
cell performance [22,23].
The capillary dominated flow which is characteristic of
phosphoric acid migration in HT-PEMFCs is also characteristic of
water transport in low-temperature PEMFCs. In particular, the
presence of a microporous layer (MPL) in the GDL has been shown
to significantly improve water management and reduce liquid
water saturation in operating fuel cells [27,28]. Gostick et al. found
the water saturation drastically decreased from 27% to 3% at
breakthrough with the application of an MPL. They further
postulated that the liquid water transport through the MPL
occurred predominantly through cracks in the MPL since similar
results were obtained when an otherwise impermeable mask with
cracks was placed over the GDL [28–30]. These findings were
further supported by Markötter et al. and Sasabe et al. who
investigated the liquid water transport through cracks in the MPL.
They concluded that liquid water does not reside in the bulk MPL,
and they attributed the lack of water to the MPL hydrophobicity
and presence of cracks for liquid water transport pathways [31,32].
Mortazavi et al. and Bresciani et al. both observed an increase in the
breakthrough pressure by several kPa with the presence of an MPL
[3,33], a result that inspired several researchers to investigate the
effect of an MPL on phosphoric acid distribution in HT-PEMFC
GDLs. The MPL also functions as a structural support for the
catalyst layer (CL) and increases the adhesion and the contact area
of the electrode layers. Lobato et al. found that an MPL is beneficial
to the overall performance of a cell, as it increases the ECSA. These
beneficial effects outweigh the additional gas mass transport
resistance introduced by an MPL [34].
Furthermore, visualization studies have led to quantified liquid
water transport in gas diffusion layer (GDL) materials for low
temperature PEMFCs. In particular, to understand the water
transport and accumulation in the GDL, ex situ and in situ X-ray
[35–37] and neutron imaging [38] based studies have been
performed extensively in recent years. However, the application of
in situ X-ray imaging is especially complex for HT-PEMFCs, as the
dynamic triple-phase boundary and local concentration variations
of phosphoric acid during operation change the local beam
attenuation over time [15]. Neutron imaging [39], post-mortem
acid-base titration [19], voltammetry and electrochemical imped-
ance spectroscopy [18,20,40] based studies have been performed
to determine changes in the ECSA. These experimental resultsconstitute a foundation on which theoretical models can be based.
Computational fuel cell engineering offers an efficient approach to
systematically investigate several different parameters that are
otherwise costlier and more time consuming to obtain [41].
Eberhardt et al. and Kim et al. predicted descriptive functions that
calculate the lifetime of HT-PEMFCs under various operating
conditions [42,43], Baricci et al. created an insightful model to
predict EIS spectra [44], and Caglayan et al. developed a
demonstrative 3D model to predict polarization curves and
investigated the effect of temperature on the operation of a HT-
PEMFC [45].
The combination of experiments and modeling is pivotal for
solidifying gathered knowledge and complementing stated theo-
ries based on experiments. Conventional visualization techniques
typically lack in temporal and spatial resolutions to resolve key
pore scale transport phenomena in the GDL interior, such as
phosphoric acid migration through an MPL [46,47]. Microscale
multiphase transport phenomena have been investigated using
pore network modeling, a tool which has been proven to be a
promising approach for simulating the flow of liquids through
GDLs [46–51]. This type of modeling approach provides a useful
link between the microscopic and macroscopic features of a GDL,
which are conventionally challenging to capture with volume-
averaging continuum models [52].
The open source software package OpenPNM is a powerful pore
network modeling tool, which has been employed by several
research groups in the investigation of fluid distribution processes
during fuel cell operation [52]. Gostick et al. created a regular cubic
network and a randomly generated network in order to represent
their GDLs [50]. Fazeli et al. studied the influence of the number of
inlet pores on the overall GDL water saturation [48]. Lastly, to the
best of the authors’ knowledge, Chevalier et al. was the first group
to model the phosphoric acid distribution in a high temperature
PEM fuel cell GDL. They found that the MPL restricts the movement
of phosphoric acid to the flow fields and acid transport takes place
through the cracks inside the MPL [21]. The findings of Chevalier
et al. are in good agreement with the experimental results reported
by Gostick et al. [28] and Eberhardt et al. [15].
In this work, phosphoric acid transport through the GDL is
investigated via ex situ phosphoric acid breakthrough experi-
ments. The effect of an MPL on the distribution of phosphoric acid
at breakthrough is investigated and visualized using X-ray micro-
computed tomography. Experimentally obtained 3D phosphoric
acid breakthrough patterns are then used to validate simulations
performed via pore network modeling (using OpenPNM), and a
parametric study of GDL network parameters, such as porosity,
capillary pressure, and pore size distribution, on the overall
distribution of phosphoric acid in the GDL is performed, with
particular interest in the effect of the MPL. The methodology for
acquiring, reconstructing, and segmenting mCT images of GDLs, as
well as the modeling and invasion percolation simulations of 3D
pore networks extracted from these materials, will be explored.
2. Methodology
The methodology section of this paper is presented in two
major parts. The first of which presents the ex situ injection device
used to perform the phosphoric acid breakthrough experiments
and details the subsequent acquisition of X-ray micro-computed
tomography scans. The second part of the methodology section is
focused on the modeling efforts of this study, including pore
network extraction and the implementation of OpenPNM to
perform invasion percolation studies. A schematic of the experi-
mental setup is shown in Fig. 1.
Four GDL materials were investigated, including Sigracet SGL 25
BA, SGL 25 BC, Freudenberg H2315, and Freudenberg H2315-C2. For
Fig. 1. Schematic representation of the experimental setup used to obtain 3D mCT images of the carbon fiber structure of the investigated materials. The phosphoric acid
injection pathway is denoted in red.
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identifies the substrate as carbon fiber paper, Y identifies the
substrate PTFE content (here: 5 wt.% PTFE), Z = C identifies the
presence of an MPL coating (here: 23 wt.% PTFE), and Z = A refers to
the absence of an MPL. For the Freudenberg materials the
additional suffix (C2) identifies the presence of a MPL. It is
important to note that both SGL materials and both Freudenberg
GDLs have the same carbon fiber substrate structure, respectively.
2.1. Ex situ Injection Experiment
A specialized point injection device was designed and
manufactured in-house to perform ex situ breakthrough experi-
ments on GDL materials. The geometry of the device was optimized
for compatibility with high resolution X-ray imaging to character-
ize breakthrough patterns and saturation profiles in the invaded
GDLs. The circular geometry of the device facilitates uniform X-ray
attenuation behavior for all angular positions of the device.
Additionally, excess material was removed from the supporting
structures of the device in the sample imaging plane to improve
contrast in the GDL.
The point injection device is compatible with 3 mm diameter
GDL samples and features a single injection point on the lower face
(MPL side), see Fig. 1. The injection point is located at the center of
the GDL sample and is 0.25 mm in diameter, representing less than
1% of the GDL sample area. The upper face (carbon fiber substrate
side) features a single channel 0.5 mm wide and 2.25 mm long. The
compressed thickness of the GDL sample is controlled using rigid
polyethylene naphthalate (PEN) spacers during assembly. For the
materials tested in this study, nominal compression was set to 80%
of the uncompressed thickness. During assembly, a thin silicone
gasket was used to prevent the injected phosphoric acid from
circumnavigating the GDL during testing.
A syringe pump (Harvard Apparatus, 11 Plus) was used to
control the flow rate of the phosphoric acid into the base of the
injection device during breakthrough experiments. An injection
flow rate of 5 ml h1 was applied to minimize the velocity of the
phosphoric acid during injection and discourage viscous effects
during breakthrough. Phosphoric acid of 85% concentration was
used in each case and experiments were performed at room
temperature. During the injection process, phosphoric acid
pressure was monitored by a pressure transducer (OMEGA PX
309-005A5V0) located upstream of the injection device. Real-time
monitoring of the detected pressure was used to identify a flow of
phosphoric acid through the auxiliary tubing and injection device.
The volume of the sample holder and the tubing system was usedto calculate the theoretical instant at which the injected acid
reached the sample. Subsequently, mCT snapshots were performed
to verify successful penetration of phosphoric acid from the
injection point, through the GDL, and into to the channel region of
the injection device. Following breakthrough, the inlet of the
injection device was sealed.
The injection experiments were conducted at room tempera-
ture, and it was assumed that an elevated temperature would have
a negligible impact on the intrusion behavior. Evaporation effects
are not pronounced at 160 C, as the vapor phase above hot
phosphoric acid contains almost exclusively water [53]. Further-
more, the changes in viscosity of phosphoric acid at high
temperature [54] still result in small capillary numbers (Ca << 1),
which is a precondition to the comparison of the experimental and
the simulated invasion pattern, as described later.
2.2. X-ray Micro-Computed Tomography
X-ray mCT scans were used to visualize the phosphoric acid
invasion patterns established at breakthrough for each of the GDL
materials tested in this study using a desktop mCT machine (Bruker
Skyscan 1172). The mCT scans were performed using an X-ray
source voltage and current of 36 kV and 222 mA, respectively.
Image acquisition settings included a pixel resolution of 2.1 mm per
voxel, frame averaging of 4 acquisitions, and a rotational step of
0.28 degrees. Radiographs were collected over 180 degrees of
rotation, resulting in the acquisition of 640 individual projections
per scan. After collection of these individual projections, the
images were reconstructed to recreate the 3D geometry of the
GDLs using the NRecon software package. The reconstructed
grayscale images were presented in terms of optical density,
whereby heavier (more attenuating) materials produce a brighter
appearance.
In order to visualize phosphoric acid in the GDLs using mCT, it
was first necessary to obtain a “dry” reference state. This reference
state was obtained by performing a mCT scan of the assembled
injection device prior to performing the phosphoric acid injection
experiment. Following completion of this initial scan, the injection
procedure defined above was employed to achieve phosphoric acid
breakthrough in the GDL. Once breakthrough was established, a
final scan was performed in the presence of phosphoric acid to
define the “wet” state. Three-dimensional phosphoric acid
invasion patterns were then obtained by subtracting the recon-
structed geometry defined in the “dry” state from that defined by
the “wet” state. Image processing, including manual image
registration, subtraction, and the application of a 3D median filter
92 N. Bevilacqua et al. / Electrochimica Acta 257 (2017) 89–98to remove small, non-physical features in the subtracted image,
was performed using Fiji1.
2.3. Pore Network Extraction
The pore network modeling approach used in this study is
reliant on first defining the 3D structure of the GDL materials.
Using the reconstructed mCT images of the compressed GDL
materials that were obtained to establish the “dry” reference state
defined above, it was possible to differentiate void, carbon fiber,
and MPL voxels. This is achieved through an image processing step
called segmentation, in which each voxel in the reconstructed
image is assigned to either void, carbon fiber, or MPL. Due to
variation in the properties of each phase, different grayscale values
were characteristic of each of these phases [55]. The segmentation
algorithm employed in this study additionally accounts for the
expected volume of each phase based on the manufacturer
specified areal densities. Further details concerning the segmen-
tation are detailed in a recent study by Banerjee et al. [56].
Following segmentation, the phase (MPL, carbon fiber, void)
differentiated reconstructions of the compressed GDLs were
processed to characterize the connected pore network defined by
the void voxels. This process is referred to as pore network extraction
and has been detailed in a number of studies [21,57]. The extracted
3D pore network characterizesthe structural information of the GDL,
including pore geometry and interconnectivity. In this 3D network,
which is ideally identical to the sample measured in the experiment,
the pores are connected by throats to resemble the interconnectivity
of the system. The actual pore size and geometry are retained for the
simulation, and each pore is assigned a diameter based on the
segmented image of the sample, thus resembling the size of the
constriction in between two pores of the experimental sample. For
the GDL, in which liquid transport is commonly considered to be
characteristic of a capillary dominated flow regime [21], the
extracted pore network is representative of the GDL. This pore
network will further be referred to as an equivalent pore network.
The equivalent pore networks were also used to characterize pore
size distributions in the tested GDL materials at the tested
compression.
2.4. Pore Network Modeling
A porenetwork modelingapproachwasemployedtosimulatethe
ex situ phosphoric acid breakthrough experiments performed in this
study. All simulations were performed using the open-source
modeling package, OpenPNM [52]. Specifically, invasion percolation
experiments were employed to determine the validity of the
assumptions inherent to this modeling approach. The precondition
of low capillary numbers (Ca << 1) entailed in the simulation of








where U is the velocity of phosphoric acid in the pores of the sample,
h is the viscosity, and g is the surface tension of phosphoric acid. In
Eq. (2), _Qc is the applied flow rate of the invasion experiment and dt
is the average throat diameter of the GDL. The values of the
phosphoric acid parameters are displayed in Table 2 and were
taken from Chevalier et al. [21] and flow rates were reported by
Eberhardt et al. [15] Properties of phosphoric acid with a
concentration of 90% resulted in capillary numbers in the orderof magnitude of 105 (for both room temperature and elevated
temperatures).
To initialize the invasion percolation simulation, an inlet
condition was established on the surface of the MPL, or the GDL if,
no MPL was present. In our case, the inlet condition entailed the
saturation of all pores labeled as ‘bottom’ (MPL/injection device
interface) fromwhichthealgorithm startedtheinvasion ofpores. Ina
capillary dominated flow regime and a network consisting of pores
connected via throats, the invasion percolation algorithm proceeds
with pore filling by comparing the throat diameters for each throat
connected to a saturated pore. The throat identified with the lowest
entry pressure, corresponding to the largest diameter, will be filled at
each step. This procedure is performed iteratively until a predefined
end point is reached. In our case this end point is defined as the initial
breakthrough event. In the 3D invasion simulation, the first instance
at which a pore labeled as ‘top’ is invaded is identified as the moment
of breakthrough. The ‘top’ boundary is defined at the interface of the
GDL and the channel side of the compression device. Once
breakthrough is reached, the pathway established by the invasion
percolation simulation is assumed to be stable for all operating
conditions, as the liquid will further propagate through the path of
least resistance in this capillary force dominated regime. The
saturation of the bottom layer, corresponding to the initial condition
of each simulation, is not shown in the 3D visualizations of the
invasion pattern (Fig. 6). However, invaded bottom layer pores are
includedinthe calculationof saturationatbreakthrough (Table 3 and
Fig. 7). The consideration of a flooded inlet simulates the contact of
the GDL with a catalyst layer and is necessary to understand the full
impact of an MPL.
The pore network model simulated the MPL as a solid material
phase, through which phosphoric acid transport was restricted to
macroscopic cracks and holes; consistent with experimental
results by Gostick et al. [28], Markötter et al. [31], and Sasabe
et al. [32]. Evaporation losses are not considered in the model, as
they are believed to be negligibly small with respect to liquid
transport in the presence of cracks.
Each crack in the MPL was simulated as a range of connected
pores with a diameter equivalent to the width of the crack. These
pores were connected by throats with a similar diameter as the
pores themselves. This approach entails the proper flow character-
istics and ensures proper incorporation of liquid transport through
the cracks. The MPL pores, at the interface with the compression
device, were labeled as bottom pores and were thus the only entry
point for liquids in the simulation.
From the simulation, a detailed quantitative study of network
parameters was possible. The pore size distribution inside the
porous material, saturation profiles, and capillary pressures were
computed based on the invasion simulations. These quantitative
numerical results concur the qualitative results from the experi-
mental acid invasion experiment and help to elicit the parameter
behind each observed phenomenon. The numerical results serve to
explain the occurrence of capillary fingering, bottom-layer
invasion (phosphoric acid travels from the acid reservoir and
invades the bottom-most pores without protruding further into
the sample), and influence of large pores on the invasion pattern.
Further, the simulations are applied to investigate the saturation
behavior of a GDL in contact with a homogeneously flooded CL.
Thus, the impact of the pore size distribution and the MPL on the
leaching of acid through the GDL can be explained.
3. Results and Discussion
3.1. Characterization of samples
The manufacturer specifications for the properties of the
investigated GDL materials are shown in Table 1. The experimental
Table 1
Manufacturer’s data sheet for the investigated materials [60,61]. The substrate porosity reported by the manufacturer is compared with the porosity experimentally
determined by analysis of the extracted pore networks of compressed GDL substrates.
Property SGL 25 BA SGL 25 BC Freudenberg H2315 Freudenberg H2315-C2
Thickness [mm] 190 235 210 255
MPL.
MPL thickness [mm] 45 45
Areal weight [g m2] 40 86 95 135
Manufacturer reported substrate porosity [] 0.88 not reported
Experimentally measured substrate porosity [] 0.85 0.66
Table 2
Parameters of phosphoric acid for calculating the capillary number, adopted from
Chevalier et al. [21].
Property Value
Viscosity, h, [Pa s] 1500
Surface tension, g , [N m1] 0.070
Flow rate, _Qc , [mm
3 s1] 1.9e-7
Throat diameter, dt, [mm] 20
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ratio of solid voxels to void voxels identified by the mCT scans,
resulting in particularly strong agreement with the manufacturers
specification for SGL 25 BA (+3%). In case of the Freudenberg
materials, no porosity value was reported by the manufacturer.
Fig. 2 presents reconstructed images and characteristic physical
properties of each GDL to highlight structural differences between
them. SGL 25 BA carbon paper is shown to consist of long, straight
fibers (Fig. 2a), whereas Freudenberg H2315 exhibits a nonwoven,
dense, and tortuous carbon fiber structure, resulting in a higher
frequency of small pores (Fig. 2b). These figures also present in-
plane slices of the MPL surface for SGL 25 BC and Freudenberg
H2315-C2, respectively. The MPL of SGL 25 BC is highly cracked,
whereas the MPL of Freudenberg H2315-C2 exhibits minimal
irregularities, which rarely penetrate deeply into the MPL whenFig. 2. a) In-plane slice of tomogram for carbon fiber substrate for a) SGL 25 BA and b) Fre
bottom half. c) Through plane porosity profile normalized for the sample thickness obta
Freudenberg H2315 (blue).they do exist (confirmed by analysis of reconstructed mCT scans).
The presence of cracks in the MPL is suspected to be of significant
relevance for fluid transport through the GDL [28,58]. The unique
physical properties of these materials lead to distinct variations in
pore size distributions (Figs. 2c) and d)). In Fig. 2c), the through
plane porosity profile is displayed with the horizontal axis
normalized relative to the total thickness of each sample. The
experimental average porosity of SGL 25 BA is significantly higher
(85%) than that of Freudenberg H2315 (66%). Fig. 2d) quantifies the
pore size distributions for each substrate based on analysis of the
extracted equivalent pore networks. Freudenberg H2315 exhibits a
narrower distribution of smaller pores (mean diameter = 18 mm),
whereas SGL 25 BA shows a broad distribution. The mean pore size
for SGL 25 BA was 26 mm, with diameters of up to 120 mm detected
(Table 3). The largest pores are expected to play a significant role in
the distribution of the phosphoric acid, as these pores dominate
the flow behavior with their low entry pressures for the injected
acid [59]. These materials allow a parametric approach to the
investigation of the influence of fiber properties and cracks in the
MPL on the distribution and transport of liquid through the GDL.
3.2. Phosphoric acid invasion pattern
The image shown in Fig. 3a) is the result of phosphoric acid
injection into SGL 25 BA as detected in the reconstructed grayscaleudenberg H2315. The MPL surface of the respective coated material is shown in the
ined by pore network extraction. d) Pore size distribution of SGL 25 BA (black) and
Fig. 3. a) Top view of the 3D m-CT scan of SGL 25 BA with injected phosphoric acid (circled in red). b) Resulting location and shape of phosphoric acid after image processing.
Table 3
Properties of the invasion percolation simulations of all investigated materials. The asterisk denotes properties describing only the connected invasion pattern. The saturation
at breakthrough considers the flooded inlet condition, simulating contact with the catalyst layer.
SGL 25 BA SGL 25 BC (Fiber) SGL 25 BC (MPL) Freudenberg H2315
Average pore diameter (all pores) [mm] 26 26 23 18
Average invaded pore diameter [mm]*. 90 65 23 21
Limiting throat diameter [mm] 61 70 57 19
Max. capillary pressure [Pa] 1064 922 1132 3416
Saturation at breakthrough [%] 51.8 4.3 20.8
94 N. Bevilacqua et al. / Electrochimica Acta 257 (2017) 89–98image and presented in terms of optical density. The bright, white
spot in the center (circled in red) is the phosphoric acid flowing
through the carbon fiber substrate. After processing the image and
extracting the 3D invasion pattern, Fig. 3b) was obtained, showing
an in-plane slice of the isolated phosphoric acid. This process was
repeated for each sample, except for Freudenberg H2315-C2, for
which a successful GDL breakthrough was not obtained. As shown
previously in Fig. 2, the MPL of Freudenberg H2315-C2 did not
contain cracks, which limited the possibility of acid intrusion into
the carbon fiber substrate. Thus, the major phosphoric acid loss
mechanism in GDEs containing an ideal crack-free MPL is expected
to be the evaporation loss. Especially at high humidification rates,Fig. 4. Experimental phosphoric acid invasion patterns obtained from 3D mCT scans 
Freudenberg H2315. The scheme of the samples on the right is to scale only in througmany start- stop cycles, and high current densities, gaseous
phosphoric acid transport rates will be increased and in long-term
operation, the gas transport through the nano pores will contribute
to the degradation.
Fig. 4 provides visualizations of the invasion patterns for three
successful breakthrough experiments performed with SGL 25 BA,
SGL 25 BC, and Freudenberg H2315. Several properties of the
phosphoric acid breakthrough pattern can be investigated via the
3D visualizations. The invasion pattern illustrates how the acid
progressed through the material and properties like capillary
fingering or bottom-layer invasion can be visualized.performed during injection experiments for a) SGL 25 BA, b) SGL 25 BC, and c)
h plane direction.
N. Bevilacqua et al. / Electrochimica Acta 257 (2017) 89–98 95The invasion pattern through SGL 25 BA consisted of two
invaded pore spaces which were connected via one constriction
(throat). The sizes of the pores were large compared to the total
thickness of the compressed sample (117.3 mm pore diameter vs.
152 mm sample thickness, determined by pore network modeling),
as seen in Fig. 4a). A straight, non-divergent pathway is to be
expected in a carbon fiber material like SGL 25 BA due to the
presence of large pores, consequently capillary fingering is
unlikely. Fig. 4b) shows the phosphoric acid invasion pattern in
SGL 25 BC. With the introduction of an MPL, the resistance to the
invasion of phosphoric acid increases as the sample is unlikely to
have a large inlet pore directly above the injection point. Thus, acid
is forced to migrate along the MPL interface of the sample until it
reaches a crack, which constitutes a potential inlet into the sample.
Once a crack is invaded, the acid again penetrates the substrate in a
non-divergent way. The injection experiment for SGL 25 BC was
not stopped at the exact moment of breakthrough causing acid to
flood the channel region above the top of the sample, as seen in
Fig. 4b). This observation further validates the assumption that a
stable pathway through the sample is reached after breakthrough.
In Fig. 4c) the breakthrough pattern for Freudenberg H2315 is
shown. The maximum capillary pressure reached in this test
(3416 Pa) was high enough to cause capillary fingering. Further, the
absence of an MPL allows several pores on the bottom side of the
sample to be invaded before a stable breakthrough pattern is
formed. The capillary pressures associated with the relatively small
pore and throat sizes (Table 3) in Freudenberg H2315 caused acid
migration beneath the sample before the event of breakthrough.
3.3. Liquid flow through cracks in the MPL
Fig. 5 presents in-plane views of the MPL interface for SGL 25 BC
to highlight the similarity between the grayscale image obtained
form mCT measurements (Fig. 5a) and c)) our extracted pore
network (Fig. 5b) and d)). Fig. 5c) highlights phosphoric acid
invading a crack in the MPL of SGL 25 BC. From this crack,
phosphoric acid invaded further into the carbon fiber substrate,
eventually reaching breakthrough. In the model, the largest pores
located in the MPL cracks were up to 60 mm in diameter and played
a significant role in the overall invasion characteristics of the
material. The majority of pores identified in the cracks of the MPL
were between 20 and 30 mm in diameter.Fig. 5. a) and c) show mCT images of the MPL of SGL 25 BC, b) and d) show the equivalent
acid through a crack in the MPL during injection experiments.3.4. Simulation of phosphoric acid intrusion
The simulation of acid invasion into the experimental samples
demonstrates qualitative agreement with the experimental results
and identifies the ability of the model to predict pathway
characteristics. Fig. 6 shows the invasion patterns resulting from
invasion percolation simulations of phosphoric acid injection into
the three GDL samples. On the right side of Fig. 6, a magnified
representation of the pores within the carbon fiber substrate
leading to breakthrough is shown. The invasion pattern established
by phosphoric acid in SGL 25 BA consists of identical pores as were
invaded in the injection experiment. This was determined by
comparing the coordinates of the invasion in both the experiment
and the simulation. In each case, the breakthrough pattern consists
of only two large pores connected by one throat.
In case of SGL 25 BC, few cracks in the MPL were invaded before
the acid penetrated the carbon fiber substrate. The discrete nature
of MPL cracks and reduced pore size in the MPL limit potential
intrusions of phosphoric acid into the carbon fiber substrate. The
pore coordinates of the simulation and the experiment in SGL 25
BC did not match, as they did in case of SGL 25 BA. This discrepancy
is caused by the inlet condition of the algorithm, which saturated
all the cracks simultaneously, from where the invasion of
phosphoric acid into the carbon fiber substrate was initiated.
However, this is not the case in the experiment, where the
intrusion of phosphoric acid is limited to the invasion of a crack
during the acid migration beneath the sample. Thus, the invasion
did not start from the largest crack, as it did in the simulation.
The invasion pattern obtained for Freudenberg H2315 exhibits
strong qualitative correlations to the experimental results. In both
the experimentally and numerically obtained breakthrough
patterns for Freudenberg H2315, capillary fingering was observed.
A second concurrent phenomenon is the bottom-layer invasion in
the sample. This is more pronounced in the simulation, which can
be attributed to minor differences in the boundary condition which
occurs at the MPL interface.
The results presented in Table 3 and Fig. 7 are computed within
OpenPNM and help to understand the parameters behind the
occurrence of the observed characteristics in the invasion patterns.
Average pore diameters, capillary pressures, and saturation values
are listed in Table 3. The mean pore diameter of the MPL of SGL 25
BC is in the same order of magnitude (difference of 13%) as the pore network of the same regions. Figure c) also emphasizes the flow of phosphoric
Fig. 6. Side view of the phosphoric acid distribution in the investigated materials obtained by pore network modeling. A magnification of the breakthrough pattern is
reported on the right side of each figure. Each pore which is part of the invasion pattern leading to breakthrough was labelled chronologically by their number in the invasion
sequence. Each sample has an edge length of 2.1 mm. The size of the pores is corresponding to their pore diameter; the color denotes the invasion sequence.
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the cracks is similar to the pore diameters in the substrate.
Freudenberg H2315 exhibits smaller pores, resulting in a size
difference of 44% compared to the SGL carbon substrate.
The effect of the breadth of the pore size distribution is
highlighted in the average invaded pore diameter. Herein, the
impact of the largest pores (>70 mm) on the invasion pattern
becomes visible, as they dominate the flow behavior by establishing
stable breakthrough patterns quickly. A narrower pore size
distribution, as exhibited by Freudenberg H2315, forces phosphoric
acid to invade narrower pores and throats, thus increasing the
capillary pressure significantly. The capillary pressure of the
Freudenberg material is larger by a factor of three when compared
to both SGL materials, causing capillary fingering and bottom-layer
invasion.
Lastly, the saturation at breakthrough was calculated by
simulating contact with a flooded catalyst layer. The smaller
average pore diameter and the narrow pore size distribution ofFig. 7. Pore size distributions of SGL 25 BA (a) and SGL 25 BC (b) obtained from OpenPNM.
is shown in black. c) A comparison of the number of invaded pores at the moment of Freudenberg H2315 results in a significantly decreased saturation
at breakthrough compared to SGL 25 BA (20.8% vs. 51.8%). This
effect was dominated by the presence of an MPL in SGL 25 BC. By
physically blocking the invasion of large bottom pores in the
carbon fiber substrate, the MPL decreased the saturation to 4.3%,
largely impacting the flow behavior in the material.
Fig. 7 quantitatively displays the effect of the MPL on the
saturation of pores in the materials, simulating contact with a
flooded CL in contrast to the experimental point injection. This is
the reason why the modeled saturation profiles exhibit high
saturation values at low through-plane positions. a) and b) show
the fraction of invaded pores with respect to the total number of
pores. 35% of pores in SGL 25 BA were invaded, compared to only
5% in SGL 25 BC. Fig. 7c) highlights the difference between the
invaded pores in both materials, showing that the MPL most
strongly affects the invasion of large pores (>50 mm). This plays a
role in Fig. 7d), where the saturation of both materials is shown.
The saturation of SGL 25 BC is universally lower than that of SGL 25 The pores invaded at breakthrough are highlighted in light blue, the entirety of pores
breakthrough. d) The influence of an MPL on the saturation profile.
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due to gas diffusion layer flooding in contact with a flooded catalyst
layer.
4. Concluding remarks
In this work, phosphoric acid was injected into several GDL
samples in order to visualize the 3D invasion pathways and
identify the effect of the GDL structure on the shape of the
pathway. Further, pore network modeling was applied to investi-
gate qualitative information from the phosphoric acid invasion
pattern into GDLs and to quantify properties of phosphoric acid
transport through a porous carbon fiber substrate, such as limiting
throat diameters and maximum capillary pressures. Particular
effort was made to identify the effect of the GDL structure on the
shape of the invasion pattern in order to augment the understand-
ing of phosphoric acid transport through porous material.
Experimental injection of phosphoric acid into a GDL contain-
ing an MPL gave strong evidence of liquid transport through the
cracks of an MPL. An MPL also dictates the intrusion points of
phosphoric acid into the underlying carbon fiber by physically
blocking intrusion. The experimental injection of phosphoric acid
into a crack-free MPL did not result in a breakthrough pattern, this
further suggests that MPL cracks provide preferential pathways for
phosphoric acid.
Further, we found that denser carbon fiber structures facilitate a
divergent invasion pattern and that smaller pore sizes increase the
capillary pressure, which results in bottom layer invasion and
branching of the invasion pattern. The saturation of carbon fibers
with a smaller pore size and a narrower pore diameter distribution
(20.8%) is significantly lower than the saturation of a material
consisting of larger pores (51.8%). However, the pore size effect on
the saturation was less pronounced than the effect of the MPL,
which decreased the saturation to 4.3%.
Large cracks and high substrate porosity, resulting in larger
pores, are beneficial to maintain low capillary pressures and
establishing a locally confined pathway through the GDE. In HT-
PEMFCs, the MPL is required to inhibit the liquid transport of
phosphoric acid out of the cell, thus a crack-free and thick MPL on a
substrate with small pores is beneficial to retaining the acid inside
the catalyst layer during operation. The dominating acid loss
mechanism in such an MPL is evaporation, especially at irregular
operating conditions and high current densities.
This work presents the validation of pore network modeling to
simulate the flow of phosphoric acid through GDLs. Within the
conditions of the custom-built injection device, the location and
the breakthrough pattern of phosphoric acid was reconstructed,
and the main characteristics of flow patterns could be qualitatively
determined.
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